Pohjola and Rogers, 1997; Hodge et al., 1998; Bitz and Battisti, 1999). These studies discuss significant relations between variations in glacier mass balance and variations in atmospheric circulation, and have identified temporal co-variability of mass balances for many glaciers.
Because many glaciers respond to mesoscale climatic forcings and because the mass balances of glaciers within a region often co-vary, the objectives of this study are (1) to identify the primary modes of glacier variability in the Northern Hemisphere, and (2) determine how these modes of variability are related to variability in mesoscale atmospheric circulation.
Data and Methods of Analysis GLACIER DATA
The focus of this study is winter glacier mass balance (WMB). WMB was chosen for analysis because of the sensitivity of WMB to changes in mesoscale atmospheric circulation (Walters and Meier, 1989; McCabe and Fountain, 1995; Hodge et al., 1998; Bitz and Battisti, 1999) . In addition, variability in atmospheric circulation is greatest during winter months and generally indicates relations with surface climate that are more identifiable and significant than during summer months.
Winter glacier mass balance is determined by two measurements: (1) the thickness of the snow accumulated during the winter season at different locations on the glacier, usually more than 20, and (2) the density of the snowpack. Together these two measurements are used to calculate the WMB and is expressed in water equivalent units. Although some snow loss due to wind or evaporation may occur during the winter season, WMB is a positive value as snow accumulation is greater than snow losses during the winter months.
Winter glacier mass balance data are available for numerous glaciers in the Northern Hemisphere, however the period and length of record varies greatly ( Table 1 ).
Principal components analysis is commonly used to identify groups of inter-related variables or groups of locations with a highly correlated variable (Johnston, 1980; Lins, 1985) . In this study, principal components analysis (with varimax rotation) is used to identify the primary modes of variability in WMB for the 22 glaciers included in the study and to identify groups of glaciers with intercorrelated WMB. These modes are determined by identifying the components that explain the greatest amount of variability in the WMB data. The component scores charac-FIGURE 2. Locations of glaciers analyzed in this study.
terize the temporal variability of each mode. In addition, the loadings (i.e. correlations) of WMB for individual glaciers on each component indicate groups of glaciers with covariation in WMB. Glaciers with loadings on a component that were significant at a 99% confidence level were considered to be a group of glaciers with intercorrelated WMB.
The glaciers for each group were mapped to identify regions of intercorrelated WMB. Additionally, time series of the component scores for selected principal components were analyzed and compared with winter atmospheric circulation to iden- Similar to the analysis of 700-mb heights, correlations between the component scores of the WMB data and gridded winter temperature and precipitation data were computed. These correlations were mapped and compared with the correlation fields computed using the 700-mb data to identify relations between variability in WMB, atmospheric circulation, and winter temperature and precipitation.
Results and Discussion
The principal components analysis of the WMB data for the 22 glaciers resulted in two components that explain 46% of the variance in WMB data (Fig. 3) . The first component explains 26% of the variance in the WMB data, and the second component explains 20% of the variance. These two components were chosen for analysis as the remaining components only explain 50% or less of the variance explained by either of the first two components.
The time series of the scores for principal component 1 (PC1) represents the temporal variability of the WMB for the glaciers that loaded highest on this component (Fig. 4) ponents were examined to determine which glaciers loaded highest on each of the two components ( Table 2 ). Glaciers that load high on a component are temporally co-variant and this variability is characterized by the specific component. For each component, glaciers with loadings that were significant at a 99% confidence level were identified as glaciers with intercorrelated WMB.
Seven glaciers loaded highly on PC1 (Table 2) . Six of these glaciers are located in northwestern Europe (Alfotbreen, Grasubreen, Hellstugubreen, Nigardsbreen, Storbreen, and Storglaciaren) and one is located in Central Europe (Hintereisferner) (Fig.  5) . The six glaciers in northwestern Europe all loaded positively on PC 1 whereas the glacier in Central Europe loaded negatively. This indicates that the WMB for the glacier in Central Europe is negatively correlated with the WMB of the glaciers in northwestern Europe.
Similar to PC1, seven glaciers also loaded highly on PC2 (Table 2 ). These glaciers are located primarily in northwestern North America (Wolverine, Gulkana, South Cascade, Place, Sentinel, and Peyto), however, one glacier is located in Central Europe (Sarennes) and another is located in Central Asia (Abramov) (Fig. 6) . Four of the glaciers that loaded highly on PC2, have positive loadings. These four glaciers are located in western Canada and in the northwestern part of the conterminous United States. The three other glaciers that loaded highly on PC2 have negative loadings; one is in Alaska, one is Central Europe, and one is in Central Asia.
Correlations between the WMB for the eight other glaciers that did not load highly on these two components were small and did not indicate additional groups of WMB variability. WMB for these glaciers may be controlled primarily by local climatic, geographic, or topographic factors, and thus do not indicate significant correlations with other glaciers. Additionally, the bulk of the glaciers that did not load highly on the first two components are located in the Caucasus and one in Svalbard and in Central Asia. Many of these glaciers are located far from sources of atmospheric moisture and winter precipitation is low, and thus changes in atmospheric circulation only cause small changes in precipitation and subsequently small changes in WMB. In addition, many of the glaciers in Central Asia receive less than 40% of annual snowfall during winter months, so changes in summer glacier mass balance and summer surface climate may be more important for these glaciers than are WMB and winter climate.
Correlations between the winter 700-mb data and PC1 and PC2 were examined to understand why (1) the WMB for the glaciers that loaded highly on each component is intercorrelated, and (2) WMB for some glaciers loaded positively while WMB for other glaciers loaded negatively on each component.
PRINCIPAL COMPONENT 1
Correlations between scores for PC1 and winter 700-mb heights describe relations between winter atmospheric circulation and WMB for the glaciers that loaded highly on PC1. The correlation fields indicate positive correlations over Europe that extend westward into eastern North America, negative correlations over the Polar region that extend southward into Central Asia, and positive correlations over Eastern Asia (Fig. 5) The negative of these correlations indicate that WMB for these six glaciers is lower than average when atmospheric pressures over the North Polar region are higher than average and pressures over Europe are lower than average. These atmospheric pressure conditions create an anomalous flow of air from east to west across Northern Europe which results in drier and colder air moving across the region, and subsequently reduced precipitation.
Correlations between PC1 and gridded winter precipitation and temperature data support these results. PC 1 is positively correlated with winter precipitation and winter temperature over Northern Europe (Figs. 7a, 7b) .
The negative loadings of WMB for Hintereisferner in Central Europe also are explained by the atmospheric pressure anomalies described by the correlations between PC 1 and winter 700-mb heights. The correlations between PC1 and winter 700-mb heights indicate that Hintereisferner is located near the center of positive correlations (i.e. positive 700-mb height anomalies) (Fig. 5) For negative values of PC2 positive 700-mb height anomalies occur over northwestern North America and negative height anomalies occur over the North Pacific Ocean. For negative values of PC2, WMB of glaciers in northwestern America is lower than average and WMB for Wolverine Glacier is higher than average. These atmospheric pressure anomalies result in a decrease in the frequency and/or the intensity of storms and the subsequent movement of moisture from the North Pacific Ocean into northwestern North America. In addition, the increase in winter mean 700-mb heights over northwestern North America results in an increase in atmospheric subsidence over the region, which results in a warming and drying of the air that further reduces precipitation, and increases the ratio of rain to snow during the cold season. These same atmospheric circulation anomalies produce an enhanced southerly flow of air from the Gulf of Alaska into Alaska. This southerly flow promotes the intrusion of warm, moist air into Alaska and subsequently increases winter precipitation and the WMB of Wolverine Glacier (McCabe and Fountain 1995; Bitz and Battisti, 1999).
These relations between WMB in northwestern North America and winter atmospheric circulation are supported by correlations between PC2 and winter precipitation and temperature (Figs. 8a, 8b) . PC2 is positively correlated with winter precipitation in northwestern North America and negatively correlated with precipitation in Alaska. In addition, PC2 is negatively correlated with winter temperatures in northwestern North America. Thus, positive values of PC2 are related with lowerthan-average winter temperatures, and higher-than-average winter precipitation and WMB in northwestern North America, and lower-than-average winter precipitation and WMB in Alaska.
WMB of Sarennes Glacier in France is negatively correlated with PC2 (Fig. 6) . For positive values of PC2 winter 700-mb height anomalies over most of Europe are positive and 700-mb height anomalies over Northern Africa are negative. This combination of anomalies produces an anomalous east-to-west flow of air from Central Europe. This air is generally drier than air that flows into Europe from the North Atlantic Ocean, therefore for these conditions winter precipitation is lower than average (Fig. 8a) . For low values of PC2, WMB for Sarennes is higher than average and 700-mb height anomalies over Europe are negative and 700-mb height anomalies over Northern Africa are positive. This combination of pressures anomalies results in an anomalous flow of moist air from the North Atlantic Ocean into Central Europe which increases winter precipitation and WMB (Figs. 6, 8a) .
The significant loadings of Abramov Glacier in Central Asia on PC2 are difficult to explain. WMB for Abramov Glacier is negatively loaded on PC2, however, correlations between PC2 and winter 700-mb heights indicate that lower than average WMB at Abramov Glacier is related to negative 700-mb height anomalies that stretch from the North Atlantic Ocean across Asia into the North Pacific Ocean (Fig. 6) . Generally this 700-mb height anomaly pattern is indicative of increased storm activity through the region which produces increased winter precipitation. Correlations between PC2 and winter precipitation are positive for some parts of Southern Asia (Fig. 8a) . These results are inconsistent with decreased WMB for Abramov Glacier. However, the driving force for decreased WMB at Abramov Glacier for positive values of PC2 may be increased winter temperatures. Correlations between PC2 and winter temperatures indicate positive correlations for a large part of Asia (Fig. 8b) . (Fig.  4) . Based on the shift in PC2, and the loadings of WMB on PC2, it is evident that since the mid-1970s WMB has decreased for South Cascade, Place, Sentinel, and Peyto glaciers in northwestern North America, increased at Wolverine Glacier, and decreased at Sarennes and Abramov glaciers. These trends in WMB appear to be related to the mid-1970s climate transition (Miller et al., 1993) . 
Conclusions
WMB data for 22 glaciers in the Northern Hemisphere were subjected to a principal components analysis to identify the primary modes of WMB variability in the Northern Hemisphere. Two components resulted that explain 46% of the variability in WMB among the 22 glaciers. The variability in these principal components is explained by variability in atmospheric circulation and related variability in winter precipitation and temperature.
The results of this study illustrate that (1) variability in WMB for many glaciers in the Northern Hemisphere is related to variability in mesoscale atmospheric circulation, (2) some Northern Hemisphere glaciers indicate a significant shift in WMB since the mid-1970s which is related to changes in mesoscale atmospheric circulation and global temperature, and (3) measured glacier data are limited both temporally and spatially, these records need to be expanded to better understand the relations between glacier mass balance and climatic driving forces.
